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Oxygen diffusivities and surface exchange coefficients in various
porous mullite/zirconia composites were measured at oxygen
partial pressures ranging from 20.2 to 2.02 kPa using the con-
ductivity relaxation method. However, the oxygen diffusivities
in porous high-zirconia composites could not be determined be-
cause of the predominant surface exchange reaction. Oxygen
diffusivities and surface exchange coefficients in low-zirconia
composites increased with the zirconia content, while the surface
exchange coefficients in high-zirconia composites were approx-
imately constant. A percolation threshold of the surface ex-
change coefficients occured at B40 vol% zirconia for porous
zirconia/mullite composites. The oxygen diffusivities in porous
low-zirconia composites were independent of the oxygen partial
pressure, implying that oxygen diffusion in these composites was
related to the migration of oxygen vacancies, whose concentra-
tion was independent of the oxygen partial pressure. The surface
exchange coefficients of high-zirconia composites decreased
with increasing oxygen partial pressure. Finally, it was inferred
that the rate-limiting step for oxygen surface exchange could be
the charge-transfer process.

I. Introduction

MULLITE is a frequently used material for applications at
high temperatures due to its advantageous properties, in-

cluding good creep resistance, excellent chemical stability, and
suitable high-temperature strength.1 In addition, mullite is a po-
tential substrate material because it has a favorable dielectric
constant and thermal expansion coefficient.2 To further improve
its mechanical properties (e.g., fracture toughness), zirconia par-
ticles and/or silicon carbide whiskers have been incorporated
into mullite, as indicated in previous studies.3–6

One can modify the properties of composite materials by
combining two or more components. The properties of com-
posites are highly dependent on the size, shape, and content of
the individual components. Previous studies7,8 investigated the
oxygen diffusivities and electrical conductivities of mullite/zir-
conia composites with various zirconia contents. The percola-
tion phenomenon for oxygen diffusion in mullite/zirconia
composites was observed at 30–40 vol% zirconia, while no
such phenomenon was observed for electrical conduction.8

The electrical conductivities of mullite/zirconia composites fol-
lowed Lichtenecker’s rule at high frequencies and the general
mixing equation at low frequencies.

Recently, the mechanical properties of porous mullite/zircon-
ia composites have been investigated.9,10 Haslam and Lange9

developed a processing method to strengthen porous mullite/

zirconia composites without shrinkage using evaporation/con-
densation sintering in an HCl atmosphere. Latella and Mehr-
tens10 indicated that the mullite/zirconia composites with 62%
porosity showed no strength degradation at temperatures rang-
ing from 251 to 12001C. Because porous composites could be
used in hot gas filtration environments, the influence of zirconia
content on diffusion and/or the surface exchange rate in porous
mullite/zirconia composites is an important subject.

To date, little research has been conducted on the nature of
mass transfer in porous mullite/zirconia composites. In a previ-
ous study, Ganeshananthan and Virkar11 measured the oxygen
surface exchange coefficients of porous La0.6Sr0.4CoO3-d using
the conductivity relaxation method. In this study, the conduc-
tivity relaxation method was used to measure the diffusivities
and surface exchange coefficients of porous mullite/zirconia
composites with various zirconia contents. The effects of zir-
conia content and oxygen partial pressure on the diffusivities
and surface exchange coefficients of porous mullite/zirconia
composites were explored.

II. Experimental Procedure

Based on a previous study on the percolation phenomenon,
mullite/zirconia composites containing more than 40 vol% zir-
conia were defined as ‘‘high-zirconia composites’’; otherwise, the
composites were categorized as ‘‘low-zirconia composites.’’

The composites in this study were fabricated by sintering
mixtures of mullite (KM-mullite, 71.86 wt% Al2O3, 28.07 wt%
SiO2, 0.03 wt% Fe2O3, 0.03 wt% NaO2, and 0.01 wt% MgO2,
0.2 mm on average, Kyoritsu Ceramic Materials Co., Nagoya,
Japan), 3 mol%Y2O3-stabilized ZrO2 or 3Y–ZrO2 powder (TZ-
3Y, 94.75 wt% ZrO2, 5.21 wt% Y2O3, 0.005 wt% Al2O3, 0.005
wt% SiO2, 0.002 wt% Fe2O3, and 0.022 wt% NaO2, 0.3 mm on
average, Toyo Soda Mfg., Co., Tokyo, Japan), and carbon
(Vulcan XC72, 0.03 mm on average, Cabot Co., Billerica,
MA), wherein 30 vol% carbon was used as the pore-forming
agent.

The starting powders were first dispersed in alcohol. The pH
value was adjusted to 10 using NH4OH as an electrolyte, and
then the powder mixtures were dried on a hot plate. Subse-
quently, they were uniaxially pressed at 63 MPa for a few min-
utes. The cold-pressed samples were heated to burn out carbon
at 6001C for 30 min and then sintered at 12001–15501C for 2–3 h
depending on the composition of the powder mixture.

The densities of the sintered bodies were determined by the
Archimedes method using deionized water as an immersing me-
dium, and the relative densities were then calculated. The des-
ignations, compositions, sintering conditions, and relative
densities of these composites are listed in Table I. The sintered
composites were cut into pieces about 3.5� 3.5� 0.8 mm in size.
Samples were ground and polished with a precision polishing
machine (Model Minimet 1000, Buehler Ltd, Lake Bluff, IL)
using standard procedures as described previously.7

The conductivity relaxation method was used to measure the
electrical resistivities of bulk samples under different oxygen
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partial pressures. Figure 1 shows a schematic diagram of the
conductivity-measuring system. The specimen, together with
two Pt electrodes, was clipped by two plates of Al2O3. After
being connected to an electric potentiometer, the specimen was
placed in an Al2O3 tube furnace. The measuring temperatures
were less than the sintering temperature by at least 2001C to
avoid densification during the measurements. When the electric
conductivity was saturated at a certain oxygen partial pressure
(pO2

1), a gas mixture with a decreased oxygen partial pressure
(pO2

2) was introduced into the chamber. While the oxygen par-
tial pressure changed from pO2

1 to pO2
2, the variation of electrical

resistance was recorded with a multimeter (Model 2000, Keithley
Instruments Inc., Cleveland, OH). This procedure was repeated
using a stepwise decrease in the oxygen partial pressure after the
electric conductivity was saturated again.

It was noted that when the ratio of initial to final pO2 was
larger than 20, linear exchange kinetics were no longer valid.12

Thus, a narrow pO2 change was conducted to ensure that sys-
tematic error in measuring the diffusivities and surface exchange
coefficients could be avoided. The oxygen partial pressures cho-
sen in this study were 20.2, 14.1, 10.1, 6.07, and 2.02 kPa in se-
quence. Variation of the oxygen partial pressure was achieved
by different flow rates of oxygen and argon.

III. Mathematical Background

Transport of oxygen ions in a porous sample consists of two
possible rate-controlling processes in series: the surface exchange
reaction at the gas/solid interface and ionic diffusion through
the bulk. If the oxygen concentration at any cross-section is kept
constant, i.e., the flux into the cross-section is equal to the flux
out of the cross-section, a steady-state is reached. When the ox-
ygen partial pressure is changed in a steady-state system, the
variation of oxygen concentration in the solid with time can be
correlated with the rates of bulk diffusion and surface exchange
by the following equation:13

Mt

M1
¼ 1�

X1
n¼1

2L2 exp � t
tn

� �
b2nðb2n þ L2 þ LÞ

(1)

where Mt is the total amount of ions that entered (or left) the
sample in time t,MN is the total amount of ions that entered (or
left) the sample after an infinite time, tn is the relaxation time,
and bn are the positive roots of the following equation:

b tan b ¼ L ¼ la
D

(2)

where a is the surface exchange coefficient, D is the diffusivity,
and l is the half-thickness of the membrane. As a result, the re-
laxation time tn can be expressed as follows:

tn ¼
l2

Db2n
(3)

Either bulk diffusion or surface exchange reactions can be a
rate-limiting step in the relaxation process, and the ratio of diff-
usivity to the surface exchange coefficient is defined as the char-
acteristic length (Lc).

14,15 When the thickness of the membrane is
much larger than the characteristic length, diffusion will govern
the relaxation process. In such a case, where diffusion controls
ionic transport, Eq. (1) can be expressed as

Mt

M1
¼ 1�

X1
n¼0

8

ð2nþ 1Þ2p2
exp

�Dð2nþ 1Þ2p2t
4l2

" #
(4)

In contrast, when the thickness of the membrane is much
smaller than the characteristic length, the relaxation process is
mainly dominated by the surface exchange reaction. In such a
case, where surface exchange controls ionic transport, Eq. (1)
can be simplified as

Mt

M1
¼ 1� exp � at

l

� �
(5)

The equations mentioned above for the relaxation experiment
are derived under the assumption of immediate change of oxy-
gen partial pressure. When a relaxation experiment is performed
in a large reactor volume or at a relatively high temperature, the
time needed to change the oxygen partial pressure cannot be
neglected. The relaxation time can be close to the flush time of
the reactor volume, and a correction should be used. The flush
time correction in a relaxation experiment was presented by den
Otter et al.16 Thus, Eq. (1) can be written in terms of the flush
time of the reactor volume:

gðtÞ ¼ 1� exp � t

tf

� �

�
X1
n¼1

2L2 tn
tn�tf exp � t

tn

� �
� exp � t

tf

� �h i
b2ðb2 þ L2 þ LÞ

(6)

Table I. Designations, Compositions, Sintering Conditions, and Relative Densities of Various Mullite/Zirconia Composites

Designation Composition� Sintering conditions Relative density (%)

M (100 v/o M10 v/o Z)130 v/o C 15501C/3 h/air 46.3
MZY05 (95 v/o M15 v/o Z)130 v/o C 14001C/3 h/air 44.9
MZY10 (90 v/o M110 v/o Z)130 v/o C 14001C/3 h/air 45.2
MZY20 (80 v/o M120 v/o Z)130 v/o C 14001C/3 h/air 47.5
MZY30 (70 v/o M130 v/o Z)130 v/o C 13501C/2 h/air 46.8
MZY40 (60 v/o M140 v/o Z)130 v/o C 13501C/2 h/air 50.9
MZY50 (50 v/o M150 v/o Z)130 v/o C 13001C/2 h/air 44.5
MZY60 (40 v/o M160 v/o Z)130 v/o C 13001C/2 h/air 51.8
MZY80 (20 v/o M180 v/o Z)130 v/o C 12001C/2 h/air 43.1
Z (0 v/o M1100 v/o Z)130 v/o C 12001C/2 h/air 47.5
�M5mullite; Z5 3 mol% Y2O3–ZrO2 (3Y-PSZ); C5 carbon. The carbon content (30 vol%) is based on the individual powder mixtures, while the contents included in

parentheses are based on the final sintered composites.

gas outgas in

Pt wires sample

Al2O3 clip Al2O3 tube furnace 

multimeter

Fig. 1. Schematic diagram of the conductivity-measuring system.
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where g(t) is the normalized conductivity and tf is the flush time
of the reactor volume or the time needed to flush the reactor
volume. Since the relaxation process is controlled by surface
exchange, Eq. (6) can be simplified as

gðtÞ ¼ 1� exp � t

tf

� �
� t
t� tf

� exp � t

t

� �
� exp � t

tf

� �� �
(7)

where the relaxation time t ¼ l=a. Additionally, the relationship
between the normalized conductivity g(t) and electrical conduc-
tivities can be described by

gðtÞ ¼ sðtÞ � sð0Þ
sð1Þ � sð0Þ ¼

Mt

M1
(8)

where s(0) is the initial conductivity and s(t) and s(N) are the
conductivities at time t and after infinite time, respectively.

IV. Results and Discussion

(1) Conductivities

Figure 2 shows the plot of electrical resistance versus time for
MZY80 at 7501C while the oxygen partial pressure was changed
stepwise from 6.07 to 2.02 kPa. When the system reached an
equilibrium state at 6.07 kPa, the resistance approached a cer-
tain value. Once the oxygen partial pressure was changed to 2.02
kPa, there was a dramatic increase in resistance and then an-
other equilibrium value was approached. The normalized con-
ductivity g(t) can thus be calculated by setting s(0) and s(N)
equal to the equilibrium conductivities at 6.07 and 2.02 kPa, re-
spectively, while s(t) is the conductivity at time t after the pres-
sure is changed.

Figure 3 displays the relationship between the conductivity
and oxygen partial pressure for various composites. The con-
ductivities of these composites increased significantly with the
zirconia content and increased slightly with oxygen partial pres-
sure. The zirconia content had a larger effect on the conductivity
than the oxygen partial pressure did. The slopes of linear log
conductivity versus log oxygen partial pressure curves were be-
tween 0.06 and 0.1. For p-type electronic conduction, the slope
of a logarithmic plot of the electronic conductivity versus oxy-
gen partial pressure was calculated to be 1/4.17,18 The fact that
the slopes obtained in this study were much lower than 1/4 sug-
gests a significant contribution of ionic conduction.

The relation among the ionic conductivity, electron-hole con-
ductivity, and oxygen partial pressure can be expressed by the

following equation19:

st ¼ si þ s0
hpO

1=4
2 (9)

where st is the total conductivity, si is the ionic conductivity,
and s0

h is the electron-hole conductivity at 1 atm oxygen partial
pressure. Consequently, si and s0

h can be determined, respec-
tively, by the intercept and slope of the total conductivity versus
pO2

1/4 curve. Table II lists the calculated ionic transport numbers
ti ¼ si=ðsi þ s0

hÞ of mullite/zirconia composites at various tem-
peratures, which were widely distributed between 0.12 and 0.83.
This result indicates that mullite/zirconia composites are mixed
ionic and electronic conducting (MIEC) materials.

Figure 4 illustrates the relationship between the normalized
conductivity and time for mullite/zirconia composites at a fixed
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Fig. 2. Electrical resistance as a function of time for MZY80 at
7501C when the oxygen partial pressure was changed stepwise from
6.07 to 2.02 kPa.
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Fig. 3. Conductivity versus oxygen partial pressure curves for (a) mul-
lite at 11001C and low-zirconia composites at 10001C; (b) high-zirconia
composites at 8001C.

Table II. Ionic Transport Numbers of Mullite/Zirconia
Composites at Various Temperatures

Composites

Ionic transport numbers

7501C 8001C 8501C 9001C 10001C 11001C 12001C 13001C

M — — — — — 0.53 0.35 0.31
MZY05 — — — — 0.60 0.65 0.54 —
MZY10 — — — 0.53 0.72 0.83 — —
MZY20 — — — 0.41 0.57 0.67 — —
MZY30 — 0.26 — 0.52 0.62 — — —
MZY40 0.61 0.61 0.48 — — — — —
MZY50 0.54 0.46 0.40 — — — — —
MZY60 0.17 0.20 0.12 — — — — —
MZY80 0.12 0.13 0.14 — — — — —
Z 0.68 0.48 0.41 — — — — —
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temperature with the oxygen partial pressure changed stepwise
from 6.07 to 2.02 kPa. Figure 4(a) illustrates that the required
time for re-equilibration in mullite at 11001C was about 80000 s,
which was much longer than that of MZY05. Similarly, the re-
equilibration time of MZY10 at 10001C was longer than those
of MZY20 and MZY30, as shown in Fig. 4(b). In other words,
the re-equilibration time of low-zirconia composites decreased
with increasing zirconia content. Figure 4(c), however, indicates
that the re-equilibration times of high-zirconia composites at
7501C were similar, except for MZY40. When the oxygen partial
pressure was changed from 6.07 to 2.02 kPa, the re-equilibration
time of MZY40 at 7501C was about 700 s, which was about one

order of magnitude larger than those of MZY50, MZY60,
MZY80, and Z.

(2) Diffusivities and Surface Exchange Coefficients

According to the previous study,7 a percolation phenomenon
was found for the diffusivities and surface exchange coefficients
of mullite/zirconia composites. The diffusivities and surface ex-
change coefficients of low-zirconia composites were close to
those of mullite, while the diffusivities and surface exchange
coefficients of high-zirconia composites were close to those of
zirconia. The characteristic lengths of low-zirconia composites
were about 10�8–10�6 m at 10001–13501C and those of high-
zirconia composites were about 10�3–10�2 m at 10001–13501C.

The mean particle size of any component in the porous sam-
ple was determined from quantitative image analysis:20 L ¼
2VV=SV where VV and SV are the volume fraction of the com-
ponent and the specific surface area of the porous sample, re-
spectively. The mean particle size ð �LÞ can be regarded as the
thickness of the membrane (2l), i.e., the parameter l is equal to
L=2. The parameters l of all the composites were estimated to be
about 2–4� 10�7 m in this study.

Generally speaking, the characteristic lengths of high-zirconia
composites were much larger than their corresponding param-
eters l, and the relaxation processes in high-zirconia composites
should be controlled by the surface exchange reaction. On the
other hand, the characteristic lengths of low-zirconia composites
approximated to their corresponding parameters l, and the re-
laxation processes in low-zirconia composites can be controlled
by both surface exchange and diffusion processes.

Additionally, the flush time of the reactor volume (tf) can be
given by16

tf ¼
Vr

FV

TSTP

Tr
(10)

where FV is the flow rate of gas, Vr and Tr are the reactor vol-
ume and absolute temperature, respectively, and TSTP is room
temperature. In this study, the flow rate of gas was 1 L/min and
the reactor volume was about 0.390 L. At 7501–13001C, the
flush time was estimated to be nearly 6.8–4.4 s, which was quite
small and could be neglected with respect to the relaxation
time of low-zirconia composites (�104–102 s). However, the re-
laxation time of high-zirconia composites was close to the flush
time. Therefore, the relaxation data of low-zirconia composites
were fitted by Eq. (1) and those of high-zirconia composites were
fitted by Eq. (7), whereby the oxygen diffusivities and surface
exchange coefficients of various composites were obtained.

As listed in Table III, the oxygen diffusivities in low-zirconia
composites ranged from 1.5 to 913 nm2/s at 8001–13001C. It was
noted that the diffusivities in low-zirconia composites increased
with increasing zircnoia content. The diffusivities calculated in
this study were higher by 2–3 orders of magnitude than those
measured by SIMS in the previous study.7 The tracer diffusivi-
ties and chemical diffusivities were measured in the previous
study and in this study, respectively. The chemical diffusivity
(Dchem) and tracer diffusivity ðD�trÞ are correlated by the follow-
ing expression:21

Dchem ¼ D�trð1þ ðd ln gi=d lnCiÞÞ

where gi and Ci are the activity coefficient and mole fraction of
the species i, respectively. The term (11d ln gi/d lnCi) is a ther-
modynamic factor and is considered as the difference between
the chemical diffusivity and tracer diffusivity. Furthermore, the
oxygen surface exchange coefficients of low-zirconia composites
were in the range of 0.044–8.3 nm/s at 8001–10001C. As listed
in Table IV, the oxygen surface exchange coefficients of high-
zirconia composites were in the range of 0.66–261 nm/s at 7501–
8501C. This indicates that the surface exchange coefficients
in low-zirconia composites increased with increasing zirconia
content. However, those in high-zirconia composites (zirconia
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Fig. 4. Plots of the normalized conductivity g(t) versus time for (a) M
and MZY05 at 11001C; (b) MZY10, MZY20, and MZY30 at 10001C;
(c) MZY40, MZY50, MZY60, MZY80, and Z at 7501C with the oxygen
partial pressure switched from 6.07 to 2.02 kPa. The fitting lines in (a)
and (b) were based on Eq. (1), and those in (c) were based on Eq. (7).
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content �50 vol%) were all similar. It was noted that oxygen
surface exchange decreased with increasing oxygen partial
pressure.

(3) Effects of Zirconia Content

From the Arrhenius plots of oxygen diffusivities and surface
exchange coefficients, the corresponding activation energies can
be estimated. Figure 5 shows the activation energies of oxygen
diffusion and surface exchange versus zirconia content for var-
ious composites at various oxygen partial pressures. As shown
in Fig. 5(a), the activation energies of oxygen diffusion de-

creased with increasing zirconia content and approached the re-
sults for low-zirconia composites measured in the previous
study.7 Figure 5(b) also illustrates that the activation energies
of surface exchange decreased with increasing zirconia content,
but the activation energies of surface exchange coefficients in
high-zirconia composites approached that for zirconia.

Figure 6 shows the effect of zirconia content on the surface
exchange coefficient in composites at 8001C. Note that the data
for low-zirconia composites were obtained by extrapolation.
There was a dramatic change in the surface exchange coefficient
at about 40 vol% zirconia. This phenomenon can be explained
by percolation theory22,23 and effective medium theory.24

Bruggeman’s symmetrical effective medium theory24 shows a
percolation threshold at a conductor volume fraction of 0.33 in
a three-dimensional case. The percolation threshold occurred at
about 30–40 vol% zirconia, as shown in Fig. 6, which approx-
imated the threshold value predicted by Bruggeman’s symmet-
rical effective medium theory. It was noted that the surface
exchange coefficient in mullite was much lower than those in
low-zirocnia composites (MZY10–MZY30). This was attributed
to the fact that the data for mullite were obtained via extrapo-
lation, which has a greater uncertainty.

(4) Effect of Oxygen Partial Pressure

Figure 7 displays the relationship between the diffusivities and
the oxygen partial pressures for various low-zirconia compos-
ites. There was no significant difference in the diffusivities of
low-zirconia composites under various oxygen partial pressures.
This could be explained by the fact that oxygen diffusion was
correlated to the migration of oxygen vacancies, whose concen-
tration was nearly constant in mullite or zirconia under the
various oxygen partial pressures. It is noted that mullite is a non-
stoichiometric compound and its chemical formula can be ex-
pressed as Al2[Al212xSi2�2x]O10�x, where x (0.17rxr0.59) is
the number of missing oxygen atoms per unit cell. The oxygen
vacancies in mullite are formed due to the replacement of Si14

ions by Al13 ions, which can be expressed by the following
equation:

Al2O3 �!
SiO2

2Al
0

Si þ 3O�O þ V��O (11)

In addition, the formation of oxygen vacancies in Y2O3–ZrO2

can be expressed by

Y2O3 �!
ZrO2

2Y
0

Zr þ 3O�o þ V��O (12)

The concentrations of oxygen vacancies formed in mullite
and zirconia are extrinsically fixed, and are independent of ox-
ygen partial pressure in the range from 20.2 to 2.02 kPa. There-
fore, the diffusivities of low-zirconia composites are independent
of oxygen partial pressure.

Figure 8 illustrates the curves of the surface exchange coeffi-
cient versus the oxygen partial pressure for mullite at 11001C,
for low-zirconia composites at 10001C and for high-zirconia
composites at 8001C, respectively. The surface exchange coeffi-
cients of mullite, MZY20, MZY30, and high-zirconia compos-
ites (except MZY05 and MZY10) decreased with increasing
oxygen partial pressure. In previous studies, a similar trend was
reported between the surface exchange coefficient and oxygen
partial pressure in yttria-doped ceria (YDC), yttria-stabilized
zirconia (YSZ), or gadolinia-doped ceria (GDC).25,26 Horita et
al.25 reported that there was a log–linear relationship between
the surface exchange coefficient and oxygen partial pressure
measured by SIMS in YDC and YSZ with a slope of about
�1/20. Karthikeyan and Ramanathan26 measured the surface
exchange coefficient in thin-film GDC using the electrical con-
ductivity relaxation method. They claimed that the limitation to
the surface exchange rate of oxygen resulted from a reduction in

Table III. Oxygen Diffusivities and Surface Exchange Co-
efficients of Low-Zirconia Composites at Various Temperatures

and Oxygen Partial Pressures

6.07-2.02

(kPa)

10.1-6.07

(kPa)

14.1-10.1

(kPa)

20.2-14.1

(kPa)

M
11001C
D (nm2/s) 1.7 1.5 3.6 3.9
a (nm/s) 0.078 0.077 0.044 0.045

12001C
D (nm2/s) 27 23 29 16
a (nm/s) 0.39 0.52 0.23 0.56

13001C
D (nm2/s) 86 110 103 88
a (nm/s) 1.6 4.2 1.9 1.7

MZY05
10001C
D (nm2/s) 3.5 4.7 4.4 7.9
a( nm/s) 0.15 0.10 0.16 0.20

11001C
D (nm2/s) 43 24 35 40
a (nm/s) 0.33 0.17 0.37 0.45

12001C
D (nm2/s) 62 90 72 101
a (nm/s) 0.99 0.87 1.2 1.5

MZY10
9001C
D (nm2/s) 18 24 12 20
a (nm/s) 0.42 0.23 0.29 0.21

10001C
D (nm2/s) 93 122 132 113
a (nm/s) 0.68 0.49 0.93 0.81

11001C
D (nm2/s) 913 745 527 481
a (nm/s) 4.2 3.4 3.1 2.2

MZY20
9001C
D (nm2/s) 20 40 26 50
a (nm/s) 0.43 0.89 0.55 0.84

10001C
D(nm2/s) 116 278 272 258
a(nm/s) 3.6 2.6 2.0 1.9

11001C
D (nm2/s) 594 586 696 888
a (nm/s) 6.8 7.5 11 5.4

MZY30
8001C
D (nm2/s) 19 18 15 24
a (nm/s) 0.25 0.21 0.12 0.17

9001C
D (nm2/s) 97 43 55 60
a (nm/s) 0.96 0.39 0.46 0.34

10001C
D (nm2/s) 358 566 241 410
a (nm/s) 8.3 3.9 1.7 2.3
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the carrier concentration due to the segregation of Gd in near-
surface regions.

(5) Rate-determining Mechanisms of Oxygen
Surface Exchange

Horita et al.25 reported that the rate-determining step for an
oxygen surface exchange reaction in YDC and YSZ was the
adsorption of oxygen at the gas/solid interface. However,
Sirman and Kilner27 indicated that the rate-limiting step for
oxygen surface exchange might be the charge-transfer process
in GDC and other fluorite materials. During the conductivity
relaxation experiment, the surface exchange rate depended
on the following reaction taking place at the gas/solid inter-
face28,29:

1

2
O2ðgÞ þ 2e� þ V��O ! O�O (13)

The reaction of Eq. (13) can be separated into several steps as
follows:

1

2
O2ðgÞ !

1

2
O2ðg;Pt-poresÞ ðgas-phase diffusionÞ (14)

1

2
O2ðg;Pt-pressÞ þ Sad ! Oad ðadsorption anddissociationÞ

(15)

Oad ! Oadðreaction siteÞðsurface diffusionÞ (16)

Oadðreaction siteÞ þ 2e� þ V��O
! O�O ðcharge-transfer reactionÞ (17)

The gas-phase diffusion coefficient within the O2/Ar mixing
gas can be calculated using the Chapman–Enskog equation:30

Dm ¼
1:86� 10�3T3=2ð1=M1 þ 1=M2Þ1=2

ps2
12O

(18)

where T is the temperature (K), M1 and M2 are the molecular
weights of gas 1 and gas 2, p is the pressure (atm), s12 is the
collision diameter (Å),O is the nondimensional collision integral,
and the unit of Dm is cm2/s. When the mean free path of the gas
is greater than the pore diameter, Knudsen diffusion should be
considered. The Knudsen diffusion coefficient, DKn, is given by

DKn ¼ 4850d

ffiffiffiffiffi
T

M

r
(19)

Table IV. Oxygen Surface Exchange Coefficients of High-
Zirconia Composites at Various Temperatures and Oxygen

Partial Pressures

6.07-2.02

(kPa)

10.1-6.07

(kPa)

14.1-10.1

(kPa)

20.2-14.1

(kPa)

MZY40
7501C a (nm/s) 0.80 0.76 0.66 0.67
8001C a (nm/s) 1.3 1.3 1.1 1.0
8501C a (nm/s) 2.0 1.8 1.8 1.7
MZY50
7501C a (nm/s) 51 32 28 15
8001C a (nm/s) 137 71 46 36
8501C a (nm/s) 147 114 104 44
MZY60
7501C a (nm/s) 48 33 30 24
8001C a (nm/s) 150 96 58 40
8501C a (nm/s) 160 108 85 65
MZY80
7501C a (nm/s) 74 63 46 20
8001C a (nm/s) 181 102 69 37
8501C a (nm/s) 239 221 138 56
Z
7501C a (nm/s) 94 79 64 66
8001C a (nm/s) 156 168 107 65
8501C a (nm/s) 261 217 196 212
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Fig. 5. The plot of the activation energy versus zirconia content in
mullite/zirconia composites for (a) diffusion coefficients and (b) surface
exchange coefficients.
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Fig. 6. Relationship between surface exchange coefficient and zirconia
content at 8001C. The data of low-zirconia composites with error bars
were obtained from the extrapolation.
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where d is the pore diameter (cm), T is the temperature, M is the
molecular weight, and the unit of DKn is cm2/s. The effective
diffusion coefficient, Deff, of the gas through porous samples can
be estimated by

Deff ¼ fv
Dp

t
(20)

where fv is the void fraction, t is the tortuosity (range between
2 and 6, averaging about 3), and Dp is the diffusion coefficient
within the pores (i.e., Dm for mixing gas diffusion and DKn for
Knudsen diffusion).

The calculated effective diffusion coefficients in the O2–Ar
mixing gas in this study were between 0.23 and 0.52 cm2/s and
those of Knudsen diffusion were between 0.25 and 0.55 cm2/s. It
was concluded that the effective diffusion coefficient for the
mixing gas was very close to Knudsen diffusivities. However,
they were much larger than the oxygen diffusion coefficients in
those porous samples. Hence, gas-phase diffusion in porous
samples could not be the rate-determining step (RDS).

In the previous studies31,32 on the electrode reaction at the
interface between Pt and yttria-doped zirconia, the RDS was the
dissociative adsorption of oxygen on the Pt surface with an ac-
tivation energy of about 154 kJ/mol for Tr5001C, while it was
the surface diffusion of Oad atoms on the Pt surface to the Pt/
zirconia contact with an activation energy of about 171 kJ/mol for
T � 6001C. Additionally, Yoon et al.29 indicated that the RDS
was the migration of oxygen vacancies to the triple phase bound-
ary line at temperatures above 8001C and low oxygen pressures,
based on the assumption that the charge-transfer reactions and
adsorption and dissociation process are fast.

The equilibrium constant of Eq. (13) is expressed by the fol-
lowing equation:

K ¼ ½V��O �½e0�
2P

1=2
O2 (21)

When the concentration of oxygen vacancies in mullite (Eq.
(11)) is higher than that of oxygen vacancies formed on the sur-
face (Eq. (13)) (thermodynamical formation),33 the relation to
the defect concentration obtained from Eq. (11) can be de-
scribed as follows:

½V��O � ¼
1

2
½Al

0

Si� (22)

Combining Eq. (21) with Eq. (22) results in

½e0� ¼ ð2KÞ1=2½Al
0

Si�
�1=2P

�1=4
O2 (23)

Similarly, when the concentration of oxygen vacancies in zir-
conia is determined extrinsically by ½Y

0

Zr�, the relation to defect

concentrations obtained from Eq. (12) can be described as
follows:

½V��O � ¼
1

2
½Y0

Zr� (24)

Combining Eq. (21) with Eq. (24) results in

½e0� ¼ ð2KÞ1=2½Y 0

Zr�
�1=2P

�1=4
O2 (25)

The concentrations of electronic defects in mullite and zir-
conia are proportional to pO2

�1/4. When the surface exchange
coefficient is dominated by the charge-transport process, the
slope of �1/4 for the loga–logpO2 plot can be expected. Seeing
that the slopes of the loga–logpO2 plots for mullite/zirconia
composites deviated slightly from �1/4, as shown in Fig. 8, it
was inferred that the surface exchange rate was dependent on
the concentration of electrons.

V. Conclusions

1. Oxygen diffusivities and surface exchange coefficients in
porous low-zirconia composites can be measured using the con-
ductivity relaxation method. However, the oxygen diffusivities
in porous high-zirconia composites could not be determined be-
cause of the predominant surface exchange reaction.

2. The surface exchange coefficients in porous high-zirconia
composites can be solely determined without considering diff-
usivities, because the surface exchange reaction was the rate-
limiting step for porous high-zirconia composites.
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Fig. 7. Diffusivity versus oxygen partial pressure curves for monolithic
mullite at 11001C and low-zirconia composites at 10001C.
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Fig. 8. Surface exchange coefficient versus oxygen partial pressure
curves for (a) mullite at 11001C and low-zirconia composites at
10001C; (b) high-zirconia composites at 8001C. A slope of �1/4 is pre-
sented by the solid line.
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3. Oxygen diffusivities and surface exchange coefficients in
low-zirconia composites increased with the zirconia content,
while the surface exchange coefficients in high-zirconia compos-
ites remained approximately constant.

4. The surface exchange coefficients in porous mullite/zir-
conia composites exhibited the percolation phenomenon with a
threshold approximately at 40 vol% zirconia.

5. The oxygen diffusivities in porous low-zirconia compos-
ites were independent of the oxygen partial pressure at 2.02
kParpO2r20.2 kPa. This implied that oxygen diffusion was
related to the migration of oxygen vacancies because the con-
centration of vacancies was independent of the oxygen partial
pressure.

6. The surface exchange coefficients in porous high-zirconia
composites decreased with increasing oxygen partial pressure,
with the slopes of the loga–logpO2 plots slightly deviating from
�1/4. It was thus inferred that the surface exchange rate was
dependent on the concentration of electrons.
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